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Abstract

Background: Spore-forming bacteria of the Bacillus genus are widely used probiotics known to exert their benefi-
cial effects also through the stimulation of the host immune response. The oral delivery of B. toyonensis spores has
been shown to improve the immune response to a parenterally administered viral antigen in mice, suggesting that
probiotics may increase the efficiency of systemic vaccines. We used the C fragment of the tetanus toxin (TTFC) as a
model antigen to evaluate whether a treatment with B. toyonensis spores affected the immune response to a mucosal

antigen.

Results: Purified TTFC was given to mice by the nasal route either as a free protein or adsorbed to B. subtilis spores,

a mucosal vaccine delivery system proved effective with several antigens, including TTFC. Spore adsorption was
extremely efficient and TTFC was shown to be exposed on the spore surface. Spore-adsorbed TTFC was more efficient
than the free antigen in inducing an immune response and the probiotic treatment improved the response, increas-
ing the production of TTFC-specific secretory immunoglobin A (slgA) and causing a faster production of serum IgG.
The analysis of the induced cytokines indicated that also the cellular immune response was increased by the probiotic
treatment. A 165 RNA-based analysis of the gut microbial composition did not show dramatic differences due to the
probiotic treatment. However, the abundance of members of the Ruminiclostridium 6 genus was found to correlate
with the increased immune response of animals immunized with the spore-adsorbed antigen and treated with the

probiotic.

Conclusion: Our results indicate that B. toyonensis spores significantly contribute to the humoral and cellular
responses elicited by a mucosal immunization with spore-adsorbed TTFC, pointing to the probiotic treatment as an

alternative to the use of adjuvants for mucosal vaccinations.
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Introduction

Mucosal surfaces are the most common route used by
pathogens to enter the human and animal body. For this
reason, it is extremely important for a vaccine to induce
secretory immunoglobin A (sIgA) antibody production
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and elicit immune protection at the mucosal surfaces [1].
While injected vaccines induce specific T cell responses
in the bloodstream and serum IgG production but gen-
erally fail to induce sIgA, mucosal vaccines administered
via the oral or nasal routes induce humoral and cellular
immune responses at both the systemic and mucosal sites
[2, 3]. Therefore, mucosal, needle-free vaccines are poten-
tially preferable over parenteral vaccinations [4]. How-
ever, only few mucosal vaccines are currently licensed for
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vaccination against viral (Rotavirus, Poliovirus, Influenza
type A virus) or bacterial (Salmonella typhi, Vibrio chol-
erae) pathogens [3]. This is mostly due to the low immu-
nogenicity of most mucosal antigens and to the lack of
efficient adjuvants and delivery systems [4]. Indeed, adju-
vants commonly used in injected vaccines fail to induce
sIgA and therefore are not efficient with mucosal anti-
gens, while the lack of appropriate delivery systems does
not prevent antigen degradation by enzymes present in
the mucosal tissues [3].

Major efforts have been devoted to the development of
new mucosal vaccination strategies based on adjuvants
able to induce sIgA or on novel delivery systems based on
synthetic nanoparticles, viral particles, microbial cells or
bacterial spores [5-8].

The use of probiotics before and/or during the vacci-
nation period to modulate the immune response [9] and
increase the effectiveness of vaccines against bacterial [9,
10] or viral [11, 12] infections is also receiving increas-
ing interest. In a recent study, spores of Bacillus toyon-
ensis were shown able to increase the immune response
to a parenteral vaccine against bovine herpesvirus type 5
(BoHV-5) in mice [13]. B. toyonensis, originally defined as
B. cereus var. toyoi and then identified as a new species
by genomic analysis [14], was used in animal nutrition for
swine, poultry, cattle, rabbits and aquaculture. In 1994
its use has been authorized by the European Commu-
nity as a feed additive for use in poultry, cattle and rab-
bits [15]. Animals parenterally immunized with BoHV-5
and orally supplemented with B. toyonensis spores had
higher serum IgG, IL-4 and IL-12 levels than immunized
animals that did not receive the probiotic [13], suggesting
this probiotic treatment as a potential alternative to the
use of adjuvants.

The aim of this work was to investigate whether the
oral treatment with spores of B. toyonensis was also effec-
tive in inducing the production of specific sIgA thus
improving the immune response induced by a mucosal
antigen. The C fragment of the tetanus toxin (TTFC),
the protective antigen used in evaluations of vaccines
against tetanus, was selected as a model antigen [16].
TTEC administered by the oral or nasal route was shown
to induce a protective immune response in mice when
delivered by B. subtilis spores either as a fusion protein
exposed on the spore surface [17-19] or as a pure protein
adsorbed on the spore surface [20].

The use of B. subtilis spores as a mucosal delivery sys-
tem has been exploited in recent years and tested with
several antigens and enzymes [6, 21, 22]. In addition to
TTEC, the binding subunit of the heat-labile toxin (LTB)
of Escherichia coli [23, 24], the protective antigen (PA) of
B. anthracis [20], the C terminus of toxin A of Clostrid-
ium difficile [25], the capsid proteins VP26 and VP28 of
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the White Spot Syndrome virus [26, 27] and the MPT64
antigen of Mycobacterium tuberculosis [28] are examples
of antigens displayed by B. subtilis spores and tested as
mucosal vaccines.

Results and discussion

Spore adsorption of the C fragment of the tetanus toxin
(TTFC)

Aliquots (2.0 pg) of TTFC, over-expressed in E. coli and
purified by affinity chromatography columns (Methods),
were incubated in 200 ul of 50 mM sodium citrate buffer
at pH 4.0 with 2.0 x 10° spores of the B. subtilis strain
PY79 [29], purified as previously described [30]. After
1 h of incubation at 25 °C spores were collected by cen-
trifugation and surface proteins extracted by SDS-DTT
treatment [31]. Proteins were then analyzed by western
blotting with anti-TTFC antibody [17] and TTFC was
found among the proteins extracted from the spore sur-
face (Fig. 1a), as previously reported [20]. To assess the
stability of spore-TTFC interaction, spores adsorbed with
TTEC were re-suspended in 200 ul of 50 mM sodium
citrate buffer at pH 4.0 and stored 1 week at 4 °C. Upon
centrifugation, spores were used to extract surface pro-
teins as described above while the supernatant was five-
fold concentrated by ultra-filtration (3 kDa cut-off) and
analyzed by western blotting. As shown in Fig. 1a, TTFC
was still extracted from 1-week-old spores (lane 3) and
was not present in the supernatant (lane 4), indicating
that TTFC was not degraded and or released during the
storage at 4 °C.

To indirectly quantify the amount of TTFC adsorbed
on the spore, the adsorption reaction mixture was frac-
tionated by centrifugation and the supernatant, contain-
ing the unbound, free TTFC was analyzed by dot blotting
with anti-TTFC antibody (Fig. 1b). The intensity of the
various spots was then quantified by a densitometry anal-
ysis as previously described [22] and indicated that in our
experimental conditions less than 3% of TTFC was left
free in the supernatant (Table 1). Such a high efficiency
of adsorption was not surprising since previous reports
have shown that in similar experimental conditions over
90% of reacted proteins were adsorbed to B. subtilis
spores [22, 24].

A flow cytometry approach was used to evaluate the
exposure of TTFC on the spore surface. Spores adsorbed
with TTFC were reacted with anti-TTFC specific anti-
body, then with FITC-conjugated secondary antibody
and analyzed by flow cytometry (Fig. 1c). In parallel,
free spores incubated or not with antibodies (primary
and secondary) were analyzed to take into considera-
tion the unspecific fluorescence of spores (Fig. 1c, brown
and red histogram, respectively). These controls, over-
laid and used as a reference guide in the measurement
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Fig. 1 TTFC adsorption on B. subtilis spores. a Western blotting of
spore surface proteins after adsorption with 2.0 ug of purified TTFC.
Lanes 1: purified TTFC; 2: proteins extracted from adsorbed spores;

3: proteins extracted from adsorbed spores after 1 week storage at

4 °C; 4: five-fold concentrated supernatant after 1 week storage at
4°C. b Dot blotting experiment performed with the serial dilutions
of the supernatant (unbound TTFC) fraction of the adsorption
reaction. Serial dilutions of purified TTFC were used as a standard. ¢
Flow cytometry analysis of: free spores incubated (brown histogram)
or not (red histogram) with specific antibodies and TTFC-adsorbed
spores incubated with specific antibodies (filled blue histogram).
The analysis was performed on the entire spore population
(ungated). Immune-reactions were performed with polyclonal
anti-TTFC [17] and anti-rabbit HRP conjugate (panels A and B) or with
FITC-conjugated secondary antibodies (panel C)
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Table 1 Densitometric analysis of dot blot experiments
of Fig. 1b with the supernatants of the adsorption reaction
with wild type spores

TTFCsource Amount Density Amount Amountof TTFC
of sample (OD/ of TTFC  pgin 200 pl (%
used mm?) (ng) total)

Purified TTFC ~ 50.00 ng 29.053 NA NA
25.00 ng 13.121 NA NA
12.50 ng 5294 NA NA

Free TTFC 80 ul 16.505 234 0.05 (2.9)

(supernatant) 40 pl 8.012 11.8 0.05 (2.9)

20 ul 4.629 45 0.04 (2.2)

of the TTFC-specific fluorescence, indicated that when
adsorbed with TTFC the majority of the spore popula-
tion (64% of the 100,000 counted spores) were specifi-
cally fluorescent and, therefore, displayed the antigen
(Additional file 1: Figure S1).

A probiotic treatment increases slgA production induced
by a nasal administration of spore-adsorbed TTFC
In a previous study [20], spore-adsorbed TTFC was
administered by the nasal route to mice and shown able
to induce an antigen-specific mucosal response. We
used the same dosage and administration route used
before [20] to assess whether a probiotic treatment with
B. toyonensis was able to influence the mucosal immune
response elicited by spore-adsorbed TTFC. To evalu-
ate the effect of the probiotic on the immune response
induced by the pure antigen, parallel groups of animals
were also immunized with 2.0 pg of purified TTFC. Fig-
ure 2 schematically shows the experimental plan: three
groups of animals received the oral probiotic treatment
(1.0 x 10° spores/gram of food from day -7 to day 35), two
groups were immunized with 2.0 pg of purified TTFC by
the nasal route on day 0, 14 and 28 (blue arrows in Fig. 2)
and two groups received 2.0 x 10° spores adsorbed with
TTEC by the nasal route on day 0, 14 and 28 (red arrows
in Fig. 2). A naive group that did not receive either pro-
biotics or the antigen was also included. Blood samples
were collected from all animals at days 14 and 21 and
at day 35 all animals were sacrificed for analysis. As
calculated in the previous paragraph, 2.0 x 10° spores
adsorbed with 2.0 pg of TTFC displayed about 1.9 pg
of TTFC (over 90% of the total TTFC), therefore, three
doses of spores delivered a total 5.7 pg of TTFC, slightly
less than the amount of antigen received by the animals
immunized with the purified antigen (6 pg).

High anti-TTFC fecal sIgA levels, indicative of a
mucosal immune response, were induced by spore-
adsorbed TTFC in animals treated with the probiotic
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Fig. 2 Experimental plan. Three experimental groups received the
oral probiotic treatment (yellow lines) with 1.0 x 10° spores/gram
from day -7 to day 35. One of these groups was immunized with
2.0 ug of purified TTFC (blue arrows) and another one with 2.0 x 10°
spores adsorbed with TTFC (Sp-TTFC) (red arrows) on day 0, 14
and 28. Allimmunizations were performed by the nasal route. Two
groups were immunized only with purified TTFC or Sp-TTFC without
probiotics. A naive group that did not receive either probiotics or
the antigen was also included. Blood samples were collected from
all animals at days 0, 14 and 21 and 35, at day 35 all animals were
sacrificed for analysis

(Fig. 3a). The response was maximal after 14 days and
slightly decreased at days 21 and 35. As expected, the free
antigen did not induce high levels of sIgA and the treat-
ment with the probiotic caused only a minimal increase
(Fig. 3a). The analysis of serum antibodies showed a
positive effect of the probiotic on the immune response
induced by spore-adsorbed TTFC at day 14 (Fig. 3b).
At days 21 and 35 similar levels of IgG were induced
by spore-adsorbed TTFC with or without the probiotic
treatment (Fig. 3b). Low levels of TTFC-specific IgG were
induced by the purified antigen after 14 days, those levels
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were slightly increased after 21 and 35 days and were
not affected by the treatment with the probiotic (white
and light grey bars in Fig. 3b, respectively). The ability of
nasally administered spore-adsorbed TTFC to induce a
stronger immune response than purified TTFC, at days
21 and 35 (compare white and dark grey bars in Fig. 3b),
could be due to an increased antigen uptake by immune
cells or, alternatively, to a reduced antigen degradation,
as previously suggested for another antigen [24]. Addi-
tional experiments are required to fully address this issue.
For the aim of this work, it is noteworthy that the pro-
biotic increased the mucosal (sIgA) immune response
and accelerated the production of serum IgG induced to
spore-adsorbed TTFC.

The phenotype of the induced humoral immune
response was then examined analyzing IgG subclasses.
High levels of IgGl, IgG2b, IgG2c or IgG3 subtypes
were induced at all time-points in animals immunized
with Sp-TTFC, independently from the probiotic treat-
ment (Fig. 4). Only at day 14 was IgG2c higher in pro-
biotic-treated animals than in those that did not receive
B. toyonensis (Fig. 4b). Since in mice, the IgG1 isotype is
associated with a Th2 response, whereas IgG2c (analo-
gous to IgG2a in other mouse strains) and IgG2b some-
times associated with IgG3 reflect a Thl response [32,
33], results of Fig. 4 suggest the induction of potent
and mixed Th1/Th2-type immune responses elicited by
spore-adsorbed TTFC independently of the probiotic
treatment.

Altogether, the results of Fig. 3, 4, indicate that the
treatment with B. toyonensis spores increases fecal sIgA
production in animals nasally immunized with TTFC
carried by B. subtilis spores while it does not affect the
level and the phenotype of the serum IgG response.
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Fig. 3 Antibody production. a Anti-TTFC specific fecal sigA detected on days 14, 21 and 35. Data were expressed as the mean (4 standard error)

of absorbance values at 492 nm. b Anti-TTFC specific serum IgG detected on days 14, 21, and 35. Not-immunized (naive and probiotic) groups did
not produce anti-TTFC antibodies and were not reported in the figure. The data represent the mean (& standard error) of reciprocal endpoint titers.
Equal letters mean no statistical difference (p > 0.05) and different letters mean a statistical difference (p < 0.05) between the experimental groups

14 21 35




Santos et al. Microb Cell Fact (2020) 19:42 Page 5 of 13
a Serum IgG1 b Serum IgG2b
10000 5 - 5 b 10000 5 b
z . : -
o
S 1000 E . 1000 o
5 .
g 100 . 2 100 . .2 .
(&)
'E 10 4 10 4
"é Naive
< 1 ) 1 Probioti
14 21 35 14 21 35 (23 Probiotic
] TTFC
d [ TTFC+Probiotic
c Serum IgG2c Serum IgG3 I Sp-TTFC
1000 3 10000

’c:: b 2 > , I Sp-TTFC+Probictic

3 . > 10004

2 1004 .. . .

= .

2 Tl 1004 . s e

o

w 107

': 104

N

<

1 y Y T 1 T
14 21 35 14 21 35
Days Days

Fig. 4 1gG subclasses analysis. The phenotype of the induced humoral immune response. Anti-TTFC IgG1 (a), IgG2b (b), IgG2c¢ (c), and 1gG3 (d)
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A probiotic treatment increases the cellular
immune response elicited by a nasal administration
of spore-adsorbed TTFC
The spleen of all vaccinated animals was analyzed for
TTFC-specific production of cytokines IL-4, IL-6, IL-10,
IL-12 and IFN-y. While IL-4 was not produced at detect-
able levels (not shown), all other analyzed cytokines were
detected in the culture supernatants. High levels of IL-6
were produced by splenocytes from mice that received
spore-adsorbed TTFC treated and not treated with the
probiotic, however, in probiotic-treated animals IL-6
levels were statistically higher (Fig. 5a). The IL-6 is a
pro-inflammatory cytokine that plays a central role dur-
ing the transition from innate to adaptive immunity [34].
Recent studies showed that IL-6 induces the maturation
of B cells into antibody-secreting cells and promotes the
survival and maintenance of long-lived plasma cells [35].
IL-10 was detected only in the spleen of mice immu-
nized with either pure TTFC or spore-bound TTFC that
were treated with the probiotic (Fig. 5b). Animals treated
with the probiotic but not immunized only showed basal
levels of IL-10. Results on IL-10 are consistent with
recent reports showing an increase in IL-10 expression in

splenocytes of animals supplemented with B. toyonensis
spores and vaccinated with a parenteral vaccine against
bovine herpesvirus type 5 [12, 36]. IL-10 is a cytokine
that can be produced by a number of cell types includ-
ing T cells, B cells and macrophages and acts controlling
the intensity of the immune response [37], increasing the
survival of B cells, increasing the production of immuno-
globulins, and mediating the immune stimulatory effects
on T cells [38].

The probiotic treatment did not affect the production
of IL-12 that was low in the spleen of mice immunized
with TTFC and high in mice immunized with Sp-TTFC,
independently from the probiotic treatment (Fig. 5c).
Instead, B. toyonensis spores were able to increase the
IFN-y levels produced by spleen cells of mice vaccinated
with Sp-TTFC (Fig. 5d). IFN-y directs the differentia-
tion of naive T lymphocytes into Thl cells [39], and the
induction of a Thl type of immune response by spores is
in agreement with previous reports on spores displaying
antigens [20, 24].

Overall, the results of Fig. 5 indicate that the probi-
otic treatment increases the cellular response to nasally
administered TTFC carried by B. subtilis spores.
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The probiotic treatment did not strongly alter

the microbial composition of the animal gut

A 16S DNA-sequencing approach was used to investigate
the effect of the probiotic treatment on the gut microbial
composition. As reported below, the analysis performed
on samples of animals of the control group was in agree-
ment with previous data for mice, with Firmicutes much
more abundant than Bacteroidetes [40].

PCoA based on Bray—Curtis distance showed that
the gut microbiota of mice of the various groups did
not form clear separate clusters, suggesting that the
immunizations and/or probiotic treatments did not
dramatically alter the microbial composition of the
animal gut (Fig. 6). The OTU representation curves
indicated that the microbial diversity of the samples
was completely covered while the alpha-diversity anal-
ysis showed a higher number of species in two animals
of the control (naive) group than in all other groups
that did not differ significantly among each other
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Fig. 6 Principal Coordinate Analysis (PCoA). Plots were generated
using weighted UniFrac distance matrix
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(Additional file 2: Figure S2). The analysis of the bacte-
rial composition, reported as the average of the rela-
tive abundance of bacterial taxa at the phylum, family
and genus level, did not show dramatic differences
among the experimental groups. The identified phylo-
types showed that Firmicutes were the most abundant
bacteria in all groups (54-70%) while Bacteroidetes
and Proteobacteria were always less represented (18—
33% and 2-14%, respectively) with the latter Phylum
that was less represented in all experimental groups
with respect to the naive group (Fig. 7). The analysis at
the family and genus level (Additional file 3: Figure S3)
was, then, focused on the bacterial taxa of the various
groups that showed a statistically significant variation
(p<0.05) in their representation with respect to the
naive group. By this approach three bacterial genera
were found to have a statistically different represen-
tation between the probiotic-supplemented and naive
groups: Eubacterium (Fig. 8a), Fusobacterium (Fig. 8b)
and Ruminococcaceae UCG-014 (Fig. 8c). In addition,
the Bacillus genus which includes species used here as
the probiotic and the antigen delivery vehicle, was dif-
ferently represented between probiotic-supplemented
and naive groups (Fig. 8d). However, in this case the
difference was statistically significant only for two of
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the three groups (Fig. 8d). Altogether, the results of
Fig. 8 indicate that the probiotic treatment did not
drastically affect the gut microbial composition but
instead altered the abundance of few genera.

Additionally we analysed the statistically relevant
differences between genera in the two groups that
gave better immune responses (Sp-TTFC and Sp-
TTFC+Probiotic) respect to all other groups. By this
approach we found that members of Ruminiclostrid-
ium 6 genus were abundant in the gut of animals
immunized with spore-displayed TTFC that received
the probiotic (Fig. 9). The same genus was also abun-
dant in the gut of animals of the Sp-TTFC group, how-
ever, the differences were statistically significant with
the naive,, and TTFC+probiotic groups, slightly above
the threshold (p<0.05) with the TTFC group and
not statistically significant with the probiotic group
(Fig. 9).

The correlation between the abundance of Rumini-
clostridium 6 and a high immune response was ana-
lyzed by the Pearson method. As reported in Table 2,
Ruminiclostridium abundance nicely correlated with
the fecal IgA (p=0.892 with p<0.05) and serum IgG
(p=0.937 with p<0.05). A positive correlation was
also found with IL-6 (p=0.995 with p<0.05) accord-
ingly with recently reported data [41]. In the case of
the other cytokines analyzed in this study, the correla-
tion was not statistically significant (p > 0.05) (Table 2).
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Table 2 Correlation analysis between Ruminiclostridium 6
abundance and immune response

Correlation index (p)? p value
Fecal IgA 0.892 0.0416
Serum IgG 0.937 0.0190
IL-6 0.995 0.000368
IL-12 0.876 0.0512
IFN-g 0.812 0.0947
IL-10 0406 0498

@ Performed according to the Pearson method [52]

Conclusions

The main conclusion of this manuscript is that a probi-
otic treatment with B. toyonensis spores positively affects
a nasal immunization with the C fragment of the teta-
nus toxin (TTFC) displayed by B. subtilis spores. While
it was already known that B. toyonensis spores increased
the immune response to a systemic vaccination [13], their
efficacy as adjuvant of a mucosal vaccination was never
tested before. The observed increased production of fecal
sIgA and of IL-6, IL-10 and IFN-y in the spleen of immu-
nized animals in response to the probiotic treatment
clearly points to the B. toyonensis spore as a potential
mucosal adjuvant.

B. toyonensis spores also increased the serum IgG pro-
duction in animals immunized with spore-adsorbed
TTFC. However, this effect was only observed at
early, day 14, and not at late, day 21 or 35, time points
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Fig. 9 Representativeness of the Ruminiclostridium 6 genus. The different abundance of Ruminiclostridium 6 between groups immunized with
Sp-TTFC and the other groups is reported. Statistically significant differences are indicated by asterisks (* = p<0.05; ** = p<0.005). Differences with p
value slightly above the threshold are also shown
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suggesting that the probiotic cause a faster serum IgG
response, probably driven by the IgG2c subclass.

The analysis of the gut microbiota did not show dra-
matic changes in the various experimental groups.
Three genera, Eubacterium, Fusobacterium and Rumi-
nococcaceae UCG-014, were found to have statistically
significant differences in their representation between
the naive group and the groups that received the pro-
biotic treatment. Members of the Eubacterium genus
belong to the Lachnospiraceae family and are anaero-
bic, Gram-positive, non-spore-forming rods, previously
associated with dietary fiber-induced modulation of the
human gut microbiota [42]. Bacteria of the Fusobacte-
rium are obligate anaerobe, Gram-negative rods com-
monly found as components of the normal flora of the
human oropharynx. Some species of the Fusobacterium
genus are considered as pathogenic, have been associ-
ated with colon cancer or found to increase in response
to other infections [43]. The Ruminococcaceae UCG-014
genus members are obligate anaerobes belonging to the
Ruminococcaceae family, which contains also other gen-
era commonly found in the animal gut [44]. This analy-
sis then indicates that although the probiotic treatment
did not drastically affect the gut microbial composition,
it altered the relative abundance of few genera. How-
ever, those differences did not correlate with the different
immune responses observed.

By comparing the gut microbiota of the two experi-
mental groups that gave better immune responses (Sp-
TTEC and Sp-TTFC+ Probiotic) vs. all other groups,
Ruminiclostridium 6 was found statistically more abun-
dant in the Sp-TTFC+ Probiotic group. This observa-
tion points to a correlation between the abundance of the
Ruminiclostridium 6 genus and the induction of a strong
immune response. Such a positive correlation was dem-
onstrated by the Pearson analysis, showing a statistically
significant link between Ruminiclostridium 6 abundance
and IgG, IgA and IL-6 levels. For two other inflammatory
cytokines, IL12 and IFNg, the positive correlation was
not supported by the statistical analysis (p>0.05) even if
the p values were slightly above to the threshold. No cor-
relation was found with the anti-inflammatory cytokine
IL10.

Methods

Bacterial strains, spore and TTFC production

The B. subtilis strain PY79 [29] was used in this study and
sporulation was induced by the exhaustion method [45].
After 30 h of growth in Difco Sporulation (DS) medium
at 37 °C with vigorous shaking, spores were collected,
washed three times with distilled water and purified as
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described before [30]. Spore counts were determined by
serial dilution and plating counting.

The TTEC (tetanus toxin fragment C) from C. tetani
was expressed from recombinant plasmid (pET-28b)
in the E. coli strain BL21. The plasmid pET-28b-TTFC
expressed C. tetani TTFC as a 52.6 kDa polypeptide and
has been described elsewhere [17]. The expressed pro-
tein carried a poly-histidine tag at its 3’-end and follow-
ing expression was purified using His-Trap column as
recommended by the manufacturer (GE Healthcare Life
Science).

B. toyonensis BCT-7112T used in this study was
obtained from the collection of microorganisms of the
Microbiology Laboratory, Biotechnology Center, Federal
University of Pelotas (Brazil). Bacteria were grown in DS
medium at 37°C for 96 h as previously reported [13] and
analyzed under the optical microscope for the presence
of cells and spores. The cultures containing over 95% of
free spores were centrifuged at 5000g for 20 min at 4 °C
and the pellet suspended in phosphate buffer to a con-
centration of spores of approximately 2.0 x 10’ CFU/ml.

Adsorption reaction, western- and dot-blotting analysis
The adsorption reaction was performed by mixing
purified TTFC (2.0 pg) and 2.0 x 10° spores in 50 mM
Sodium Citrate pH 4.0 at 25 °C in a final volume of
200 pl. After 1 h of incubation, the binding mixture was
centrifuged (10 min at 13,000g) to fractionate pellet and
supernatant and stored at 4 °C [31]. The pellet fraction,
containing TTFC-adsorbed spores (2.0 x 10°) was sus-
pended in 20 pl of spore coat extraction buffer [31], incu-
bated at 68 °C for 1 h to solubilize spore coat proteins and
loaded onto a 12% SDS-PAGE gel. The proteins were then
electro-transferred to nitrocellulose filters (Amersham
Pharmacia Biotech) and used for Western blotting analy-
sis as previously reported [24] using anti-TTFC specific
rabbit polyclonal antibodies [17] and Goat Anti-Rabbit
(H+L)-HRP Conjugate (Bio-rad). A quantitative deter-
mination of the amount of TTFC was obtained by dot
blotting experiments analyzing serial dilutions of purified
TTEC, and binding assay supernatant. Filters were then
visualized by the ECL-prime (Amersham Pharmacia Bio-
tech) method and subjected to densitometric analysis by
Quantity One 1-D Analysis Software (Bio-Rad).

Flow cytometry

A total of 5.0 x 10° TTFC-adsorbed spores were blocked
with 1xPBS containing 3% of fetal bovine serum for
30 min at 25 °C and subsequently incubated with anti-
TTEC specific rabbit polyclonal antibodies diluted start-
ing at 1:20 for 1 h at 25 °C. After three washes with PBS,
fluorescein isothiscyanate (FITC)-conjugated anti-rab-
bit IgG (1:50; Invitrogen) was added and incubated for



Santos et al. Microb Cell Fact (2020) 19:42

30 min at 25 °C, followed three washes with PBS. To eval-
uate the non-specific fluorescence, free spores stained
or not with primary and secondary antibodies were ana-
lyzed. Samples were then resuspended in 400 pl of PBS
and analyzed using by BD Accuri’ C6 Cytometer and BD
Accuri " C6 Software (BD Biosciences, Inc., Milan, Italy)
collecting 100,000 events.

Animals, probiotic supplementation and vaccination

Male C57BL/6 mice (Charles River, Italy) 8 weeks old
were singularly caged in a temperature-controlled
room (23 £ 1 °C) with a 12-h light/dark cycle (6.30
am-6.30 pm). Treatment, housing, and euthanasia of
animals met the guidelines set by the Italian Health Min-
istry. All experimental procedures were approved by the
“Comitato Etico-Scientifico per la Sperimentazione Ani-
male” of the Federico II University of Naples (Italy). We
used 40 mice that were divided in 6 groups named Naive
(n=4), Probiotic (n=4), TTFC (n=8), TTFC+Probiotic
(n=8), Sp-TTFC (n=8), and Sp-TTFC+ Probiotic
(n=38). The Naive, TTFC, and Sp-TTFC were fed with
a commercial feed (Standard chow, Mucedola 4RF21,
Italy), free of chemotherapeutic agents; whereas, the
Probiotic, TTFC+ Probiotic, and Sp-TTFC+ Probiotic
groups received the same commercial feed but supple-
mented with 1x 10° spores of B. toyonensis per gram
of food from 7 days before the first vaccination for diet
adaptation.

Mice were vaccinated by the intranasal route on day 0
and received a booster on days 14 and 28 of the experi-
ment. TTFC and TTFC+ Probiotic groups were vac-
cinated with 2.0 pg of purified TTFC suspended in
50 mM Sodium Citrate buffer. The Sp-TTFC and Sp-
TTEC + Probiotic groups were vaccinated with 2.0 x 10°
spore-adsorbed with 2.0 pg of TTFC in a volume of 20 pl
of 50 mM Sodium Citrate buffer. The naive and probiotic
groups were not vaccinated. Blood samples were col-
lected by the submandibular puncture on days 0, 14, 21
and 35. After collection, serum was separated, labelled
and stored — 20 °C until analysis. Fecal pellets were col-
lected on day 0, 14, 21 and 35 to monitor the induction of
the TTFC-specific IgA.

Antibody analysis

Indirect ELISA was performed to evaluated serum lev-
els of total IgG and IgG1, IgG2b, IgG2c, and IgG3 spe-
cific against TTFC. Microtitre plates (96 well, Corning,
Lowell, MA, USA) were coated overnight at 4 °C with
0,2 pg of TTEC per well and subsequently washed with
phosphate-buffered saline containing 0.05% Tween 20
(PBS-T). Plates were blocked with PBS containing 5% of
Milk. Samples of individual serum samples were serially
two-fold diluted starting at 1:2 to 20,480 and added to
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the plates in triplicate. After incubation at 37 °C for 1 h,
the plates were washed with PBS-T, followed by addition
of horseradish peroxidase (HRP)-conjugated rabbit anti-
sheep IgG whole molecule antibodies (1:4000 dilution,
Sigma-Aldrich, St. Louis, MO, USA). Following a further
incubation at 37 °C 1 h, the plates were promptly washed
again with PBS-T and added developing solution contain-
ing 10 ml of substrate buffer, 0.004 g of Ortho-Phenylen-
ediamine (OPD) (Sigma-Aldrich) and 15 pl of H,0, were
added, and incubated in the dark at room temperature for
15 min and then stopped by adding 2 N sulphuric acid.
Absorbance values were measured in a microplate reader
(Thermo Fischer Scientific, Waltham, MA, USA) with
a 492-nm filter. IgG isotype analysis performed accord-
ing to the instruction manual of the Mouse Monoclonal
Antibody Isotyping Reagents kit (Sigma-Aldrich), follow-
ing the same protocol above describe. For ELISA analysis
of fecal IgA, we followed the procedure described by [46],
using approximately 0.1 g of fecal pellets that had been
suspended in 1% of PBS and 1 mM of phenylmethylsulfo-
nyl fluoride (Sigma-Aldrich), incubated at 4 °C overnight,
and stored at — 20 °C prior to ELISA. The fecal extracts
were tested by indirect ELISA for the presence of TTFC-
specific IgA using a similar method to that shown above.
Secretery IgAs were detected using Goat Anti-Mouse
IgA alpha chain (HRP) (1:1000 dilution, Abcam, Cam-
bridge, UK).

Spleen cell cultures and cytokine production

Mice were sacrificed on day 35 and their spleen collected
and macerated. Spleen cells (2.0 x 10%) were cultured in
RPMI 1640 (Gibco, Grand Island, NY, USA) contain-
ing 10% fetal bovine serum (Gibco) and antibiotic and
antifungal agents (penicillin 10,000 IU/ml, streptomy-
cin 10 mg/ml and amphotericin B 25 mg/mL) (Gibco) in
24-well plates (Corning) and incubated for 24 h at 37 °C
in 5% CO, atmosphere. Culture medium was replaced
after 24 h and the cells were stimulated with 10 pg of
TTEC, 10 ug of concanavalin A (ConA; Sigma-Aldrich),
and with RPMI 1640, and incubated for 72 h under the
same conditions. ConA and RPMI were used as posi-
tive and negative control, respectively, for cell stimuli.
Supernatants were harvested from cultures and ana-
lysed by Murine ELISA kit to detected production of fol-
lowed cytokines IL-4 (Elabscience, USA), IL-6 (Diaclone,
France), IL-10 (Diaclone), IL-12 (Elabscience), and IFN-y
(Diaclone). The assays were performed according to the
manufacturers’ instructions.

Microbiota identification by 16S rRNA sequencing

Total genomic DNA was extracted from 220 mg of mice
fecal samples collected at the end of treatments (day 35)
from all experimental groups using the QlAamp DNA
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Stool Mini Kit (QIAGEN) following the manufacturer’s
instructions.

Partial 16S rRNA gene sequences were amplified from
extracted DNA using primer pair Probio_Uni and Pro-
bio_Rev, which target the V3 region of the 16S rRNA
gene sequence [47]. 16S rRNA gene amplification and
amplicon checks were carried out as previously described
[47]. 16S rRNA gene sequencing was performed using a
MiSeq (Illumina) at the DNA sequencing facility of Gen-
Probio srl (www.genprobio.com) according to the proto-
col previously reported [47].

Following sequencing and demultiplexing, the obtained
reads of each sample were filtered to remove low quality
and polyclonal sequences. All quality-approved, trimmed
and filtered data were exported as.fastq files. The .fastq
files were processed using a script based on the QIIME
software suite [48]. Paired-end reads pairs were assem-
bled to reconstruct the complete Probio_Uni/Probio_Rev
amplicons. Quality control retained those sequences with
a length between 140 and 400 bp and mean sequence
quality score>20. Sequences with homopolymers>7 bp
and mismatched primers were omitted.

In order to calculate downstream diversity meas-
ures (alpha and beta diversity indices, Unifrac analysis),
16S rRNA Operational Taxonomic Units (OTUs) were
defined at>100% sequence homology using DADA2
and OTUs not encompassing at least 2 sequences of the
same sample were removed. All reads were classified to
the lowest possible taxonomic rank using QIIME2 [48,
49] and the SILVA database v. 132 as reference dataset
[50]. Biodiversity of the samples (alpha-diversity) was
calculated with Chaol and Shannon indexes. Similari-
ties between samples (beta-diversity) were calculated by
weighted uniFrac [51]. The range of similarities is calcu-
lated between the values 0 and 1. PCoA representations
of beta-diversity were performed using QIIME?2 [48, 49].

Statistical analysis

The data were analyzed using GraphPad Prism version
7 (USA). Differences among the various experimen-
tal groups were determined by the one-way ANOVA
or two-way analysis of variance (ANOVA) followed by
Tukey’s Multiple Comparisons test. The analysis of the
fecal microbial composition was performed with SPSS
software v. 25 (www.ibm.com/software/it/analytics/
spss/). Analysis of Variance (ANOVA) was performed to
compare differential abundance of bacterial genera. For
multiple comparison, the post hoc analysis LSD (least
significant difference) was calculated and differences with
a p value<0.05 were considered significant. The correla-
tion test was performed by the Pearson method using the
“cor.test” function from the “stats” R package [52].
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Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-020-01308-1.

Additional file 1: Figure S1. Dot plots of the cytofluorimeter analysis.
The dot plots show the forward scatter (FSC-A) vs Fluorescence intensity
distribution of free spores without antibodies (Sp), free (Sp (Ab'/Ab?) and
TTFC-adsorbed (Sp-TTFC (Ab'/Ab?) spores incubated with polyclonal
anti-TTFC and FITC-conjugated secondary antibodies. In all cases 100,000
spores were analyzed. Regions boxed in pink contain events (spores) with
a fluorescence intensity higher than 1000 a.u. The percentage of positive
events is reported for each graphs.

Additional file 2: Figure S2. Alpha diversity rarefaction plots. Estimation
of the microbial taxa richness and diversity in fecal samples, based on
Chao 1 (A) and Shannon (B) indexes. The number of observed OTUs in
each sample is also reported (C).

Additional file 3: Figure S3. Fecal bacterial composition. Relative Opera-
tional Taxonomic Units (OTUs) abundance at the Family (A) and Genus

(B) level in the six experimental groups, reported as mean values within
each group. Only Taxa represented by OTUs abundance > 1% have been
considered for the analysis.
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